. These two domains are joined by a flexible central linker region that allows it to adapt its conformation to optimally associate with its intracellular targets. 2 The EF hand consists of a helix-loop-helix motif, consisting of a 12 residue long Ca 2+ binding loop rich in aspartates and glutamates. 3 In the absence of Ca 2+ the helix-loop-helix motif of the EF hands are in a "closed" conformation, with their hydrophobic residues packed into their central core and their charged, hydrophilic residues solvent-exposed. 4, 5 When a Ca 2+ ion binds, the helices rearrange into a more "open" conformation, exposing hydrophobic patches in each domain that allow CaM to bind to its target proteins. 3, 4, 6 CaM is able to bind to its target proteins in the Ca 2+ -replete and Ca 2+ -deplete forms. [7] [8] [9] There is considerable interest in obtaining a better understanding of the structural basis for CaM's ability to bind and recognize its numerous target proteins.
Mutant CaM proteins are commonly used to investigate the Ca 2+ -dependent and independent properties of CaM binding and activation of target proteins. These include mutation of the Asp residue to Ala at position 1 to inactivate Ca 2+ binding in the EF hand. [10] [11] [12] [13] These CaM mutants are unable to bind Ca 2+ in either the N-terminal lobe EF hands (CaM 12 ; CaM D20A and D56A mutations), the C-terminal lobe EF hands (CaM 34 ; CaM D93A and D129A), or all four Ca 2+ -binding EF hands (CaM 1234 ; mutations at D20A, D56A, D93A and D129A inclusive). Many studies have expressed these Asp to Ala CaM mutants in cells to determine the relative functional contribution of Ca 2+ binding to each lobe of CaM. The overexpression of CaM proteins carrying EF hand mutations in cell culture studies of calcium channels is a commonly used method for investigating native molecular mechanisms of CaM and the functional contribution of Ca 2+ . [15] [16] [17] [18] [19] [20] [30] [31] [32] [33] Meaningful interpretation of these investigations should account for differences in the structural integrity of the native apoCaM and the CaM mutant proteins carrying defective Ca 2+ -binding EF-hands.
The mutation of D93 and D129 to Ala effectively prevents Ca 2+ binding to EF hands III and IV, however, it has been shown these mutations may cause structural perturbations in the Cdomain. 13 This suggests that the Ca 2+ -inactivating mutations may cause CaM to adopt a nonnative apo structure. To investigate these potential structural changes we performed detailed NMR structural studies of CaM 12 , CaM 34 , and CaM 1234 in the absence and presence of Ca 2+ . The solution structure of CaM 1234 was determined to examine the effects of these mutations compared to the solution structure of apoCaM. This structure shows that the Asp to Ala mutation cause slight structural and electrostatic surface changes throughout each EF hand.
To further our investigation of these CaM mutants, NMR studies were performed on their association with the CaM binding domain from inducible nitric oxide synthase (iNOS). The iNOS CaM binding domain interacts with the Ca 2+ -replete and Ca 2+ -deplete forms of CaM. [35] [36] [37] The iNOS enzyme catalyzes the production of nitric oxide (•NO) that acts as a secondary interand intracellular messenger involved in many physiological processes. 38 It consists of a dimerized oxygenase domain, flanked by two separated reductase domains, that exist in an equilibrium of conformations alternating between FAD-FMN electron transfer (input state) and FMN-heme electron transfer (output state). [39] [40] [41] CaM activates NOS through the precise positioning of the FMN subdomain necessary for the transferring of electrons to the oxygenase domain. 41, 42 The iNOS enzyme binds to CaM at basal levels of Ca 2+ and is transcriptionally regulated in vivo by cytokines. 43, 44 A previous study of iNOS activity using CaM 12 12 and apoCaM 34 (Supplemental Fig. S1A ). Cross-peaks for amides in the Clobe of apoCaM 12 overlap with those of apoCaM, however, amides in the N-lobe, specifically the residues in the Ca 2+ binding loops of the EF hands, do not overlap with those of apoCaM.
Conversely, cross-peaks for amides in the N-lobe of apoCaM 34 overlap with those of apoCaM, however, amides in the C-lobe, specifically the residues in the Ca 2+ binding loops of the EF hands, do not overlap with those of apoCaM. This data shows that the Asp to Ala mutations not only knock out Ca 2+ binding to the EF hands but also cause potential structural changes. binding to the EF hands where the mutations occur, but also cause potential structural changes in the opposite lobe. Some of the residues that experience the greatest changes are the hydrophobic exhibits good resolution and well dispersed signals, indicating a uniform and folded protein structure (Supplemental Fig. 2 ). The three-dimensional solution structure of CaM 1234 was determined using multidimensional heteronuclear NMR spectroscopy. The structure of the complex is based on a large number of experimental constraints and is well-defined. Structure and input data statistics are summarized in Table 1 . The family of 20 lowest energy structures is shown in Fig. 2A This indicates the N-lobe has a more stable structure than the C-lobe, which has previously been reported to have a well-defined hydrophobic core, compared to a C-lobe with a less defined hydrophobic core in the apoCaM structures. 4, 5 Fig . 2C shows the structure consists of 8 helices, and has the characteristic helix-loop-helix conformation for each EF hand, as observed in other apo and Ca 2+ -replete structures of CaM. 4, 5, 60 When the ensemble of structures are superimposed with respect to a specific lobe, the linker region is shown to be very flexible, as evidenced by the opposite lobe being distributed in different conformations relative to the superimposed lobe. This is also supported by the lack of long range NOEs observed for the linker residues or between the two lobes.
CaM 1234 Structure Comparison to ApoCaM. The CaM 1234 structure was compared to the previously determined solution structure of apoCaM (PDB entry 1CFC) 5 to determine any structural changes incurred by the Asp to Ala mutations in position 1 of the four EF hands. Due to the highly flexible linker region described above, the two lobes of CaM of the two structures were compared separately ( show little chemical shift differences, suggesting both complexes have a similar structure of the N-lobe bound to iNOS, however, a few meaningful differences are observed.
The three-dimensional solution structure of CaM 34 -iNOS complex was determined using multidimensional heteronuclear NMR spectroscopy. The structure of the complex is based on a large number of experimental constraints and is well-defined. Residues 1− 12 at the N-terminus of the iNOS peptide (corresponding to residues 503-514 of full length iNOS) show a lack of structure because they could not be unambiguously assigned and were omitted from the structure calculation. The root-mean-square distance (r.m.s.d.) for ordered residues is 1.0 Å for the backbone atoms and 1.4 Å for all non-hydrogen atoms ( Table 2 ).
The family of 20 lowest energy structures is shown in Fig. 5A . When the CaM 34 -iNOS complex structure is compared to the previously determined apoCaM structure (PDB entry 1CFC) 5 , there is structural similarity of the Ca 2+ binding loop of EF hand III of the C-lobes of CaM ( Fig. 6E and F conformation observed in the Ca 2+ -replete form (Fig. 6F) .
Effect of EF Hands 3 and 4 Mutations on the Electrostatic and Hydrophobicity Surface
Maps of the CaM 34 -iNOS Complex. The electrostatic surface potentials of holoCaM-iNOS and CaM 34 -iNOS were calculated and mapped onto their respective surfaces ( Fig. 7A and B) . As was observed for CaM 1234 , the EF hand III and IV mutations cause the C-lobe of CaM 34 to have a less electronegative surface than that of holoCaM-iNOS. Overall the electrostatic surface of the Nlobe for both the holoCaM-iNOS and the CaM 34 -iNOS structures are quite similar (Supplemental Fig. 4 ). The hydrophobicity surface was mapped onto the surfaces of holoCaM-iNOS and (Table 3) .
We determined the association rate, k a , to be 27. The Ca 2+ -binding loop of EF hand II also displays structural changes, however these aren't as large as those observed for EF hand I. In the apoCaM structure the side chain of Asp56 is exposed to the solvent, thus doesn't have as large of a role in stabilizing the loop structure and could explain the lower degree of structural change. In the CaM 1234 structure the substituted Ala56 side chain points into the loop, disrupting the α-helix that Asp56 adopted, unraveling the loop slightly and tilting helix C towards helix D. The linker region displays similar α-helical secondary structure for helices D and E, with a hinge region at residue 80 for both structures.
As in the case of EF hand I, the side chain of Asp93 of EF hand III points into the loop, however, the mutation to Ala doesn't cause as large of a structure perturbation as Asp20 to Ala.
The packing of the Ala side chain into the loop toward the other hydrophobic side chain groups causes the loop to bulge compared to apoCaM. The Asp129 to Ala mutation causes more subtle changes in the Ca 2+ -binding loop of EF hand IV and helix G. The loop region connecting the two EF hands has a slightly different conformation due to helix G being tilted inward. Overall the Nlobe mutations cause more overall conformational changes compared to the C-lobe, as evidenced by the higher r.m.s.d. value for the lobe and the aforementioned differences. These structural changes also correlate well with the chemical shift differences observed between the structures, which shows the N-lobe of CaM 1234 has larger differences in the Ca 2+ -binding loops, but fewer differences in the rest of the N-lobe, whereas the C-lobe shows lower chemical shift difference values in the Ca 2+ -binding loop but a larger amount of subtle differences throughout the whole lobe.
These structural changes also cause electrostatic changes on the surface of CaM, which may affect how CaM 1234 interacts with CaM's target enzymes outside of their CaM binding domains.
It has previously been shown that CaM lobe surface interactions with regions of its target enzymes outside of their CaM binding domains are integral for full enzyme activity. [67] [68] [69] [70] [71] Even though CaM 1234 mimics the Ca 2+ free nature of apoCaM, the changes in electrostatic surface potential may not allow for full native-like apoCaM interactions with CaM's target proteins.
The solution structure of CaM 34 bound to iNOS was determined to investigate if these CaM mutants affected the interaction of CaM with target proteins known to interact with apoCaM.
The complex of CaM 34 with iNOS was chosen for several reasons. First, binding of CaM to iNOS is Ca 2+ -independent, so a complex will be formed even with the Ca 2+ -deplete C-lobe.
Second, it would allow us to determine if the EF hand III and IV mutations cause structural changes in the N-lobe as observed from the chemical shift differences between holoCaM and Ca 2+ -CaM 34 in Fig. 1E . Finally, because in previous iNOS activation studies with the mutant CaMs, CaM 34 was the only one to have differences in activation of iNOS in the presence and absence of Ca 2+ .
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The CaM 34 -iNOS structure was compared to the previously determined solution structures of holoCaM-iNOS apoCaM. The N-lobes of CaM 34 and the iNOS peptides are quite similar to the holoCaM-iNOS structure, whereas the Ca 2+ binding loops of EF hands III and IV display differences between the structures. shown that not only is binding of CaM to iNOS' CaM binding domain required, but interaction of CaM with both the oxygenase and reductase domains of iNOS is also required to stabilize the iNOS output state. 69, 70, 62 The interaction of CaM with iNOS is largely electrostatic; with the positive residues at the heme and FMN domain interfaces interacting with the negative residues of CaM's N-and C-lobes. 68, 72, 73 Molecular dynamics, X-ray crystallography and electron cryomicroscopy studies have been used to determine key interactions between CaM residues and residues of the FMN and both heme domains of the homodimer in the input and output states (supplemental Table S1 ). much larger conformational change, due to its interaction with the FMN domain. 73 All of these interactions, in addition to others observed (supplemental Table S1 ), are kept fully intact in the The reduced iNOS activity observed for CaM 34 in the presence of EDTA could be caused by the rearrangement of EF hands I and II due to the removal of Ca 2+ from the N-lobe, which would affect the residues of helix C ( concentration iNOS increases CaM's affinity for Ca 2+ and has a Ca 2+ -replete CaM structure. 66 The binding kinetics at 17 nM free Ca 2+ concentration are slower than at saturating Ca 2+ concentrations due to CaM having to bind to Ca 2+ and the iNOS peptide, whereas at the saturating Ca 2+ concentration CaM is already Ca 2+ -replete and in the correct conformation for binding to iNOS. The slower on and off rates observed for CaM 1234 binding to iNOS compared to CaM at both 17 nM free Ca 2+ and saturated Ca 2+ concentration could be explained by the structural perturbations introduced in the N-lobe EF Hands that prevent CaM from adopting the correct Ca 2+ -replete conformation necessary for optimum binding to iNOS. The fully intact N-lobe of CaM 34 would explain why it has a higher on rate when binding to the iNOS peptide. This is consistent with previous work that has shown only the N-lobe of CaM is necessary for its tight association with iNOS. 68, 74, 75 In summary, mutations in the EF hands of CaM to disable Ca 2+ -binding also cause slight structural perturbations, shown in this study by the use of NMR spectroscopy. The structure determination of CaM 1234 revealed that the mutation of Asp to Ala causes the EF hand loops to adopt perturbed conformations when compared to apoCaM, with the greatest effect seen in EF Hand I. The structure also displayed a less stable C-lobe compared to N-lobe as previously observed for apoCaM. To investigate if these mutations also perturb the structure of CaM bound to a target peptide the structure of CaM 34 bound to the iNOS peptide was determined. The The electrostatic potential maps and hydrophobicity surfaces are colored as in Fig. 4 . Calcium ions are shown as orange spheres and labeled.
